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CHAPTER 1. GENERAL INTRODUCTION 
 In recent years, niche markets, such as natural and organic, have increased in popularity 
amongst consumers with their offering of preservative-free food products. In regards to 
processed meat products, the chemical preservative that has been placed under scrutiny is nitrate 
and nitrite. Nitrites role in processed meats has been well documented as it provides the 
traditional cured meat color and flavor as well as antimicrobial benefits, such as the inhibition of 
the pathogen Clostridium botulinum, that consumers have come to expect. However, consumer 
fascination with  “preservative- free” meat products has arose from decade’s worth of 
epidemiological studies which tied the use of dietary nitrite in processed meats to the formation 
of carcinogenic nitrosamines and their consumption with such detrimental health issues as 
cancer. In order to meet consumer demand, natural and organic processed meat products needed 
to be produced, and in order to be considered natural or organic, these products may not contain 
nitrate nor nitrite as they are seen as preservatives. Therefore, in order to keep up with demand, 
processors turned to curing alternatives which may be considered natural and organic, such as 
juices and powders from celery, lettuce, spinach, and beets. “Natural cures” contain measurable 
amounts of nitrite and can be added to meat products in order to obtain similar characteristics as 
traditionally cured meat products, such as the development of color and flavor. However, the 
safety of “naturally cured” meat products has been and continues to be a point of interest and 
concern within the meat industry. The inclusion of such natural cures as celery powder, has not 
only been shown to vary in ingoing concentrations but is also consistently lower than the USDA 
maximum limits of conventional nitrate and nitrite. These limits were established for microbial 
control of pathogens such as Clostridium botulinum and Clostridium perfringens. Conventional 
nitrite has been well documented in its ability to inhibit C. perfringens, however, it has been 
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shown that “naturally cured” processed meat products have more potential for pathogen 
outgrowth than conventionally cured meat products. Clostridium perfringens is of concern 
during the processing of “naturally cured” ready-to-eat meat products as it is a spore-forming, 
pathogenic bacterium that can withstand harsh conditions (cooking and cooling processes) and 
can rapidly germinate in the case of temperature abuse within a meat product. The United States 
Department of Agriculture (USDA), Food Safety and Inspection Service (FSIS) Appendix B is a 
common guideline used in the cooling of meat and poultry products to control this pathogen. 
Ready-to-eat meat products may enter a slow cooling period of 15 hours as long as they contain 
a minimum ingoing concentration of 100 ppm sodium nitrite. At this time, “naturally cured” 
ready-to-eat processed meats are typically subjected to the same slow cooling cycle and 
therefore, may not be capable of preventing C. perfringens outgrowth during temperature abuse 
due to their variable and low ingoing nitrite concentrations.  Therefore, there is a need to better 
understand how “natural cures” inhibit C. perfringens during the current Appendix B ready-to-
eat meats cooling curve.  
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Thesis Organization  
 This thesis is organized into four chapters, with the first chapter providing a general 
introduction of the topics discussed throughout the thesis. The second chapter, which 
encompasses the literature review, provides information relevant to research within the thesis. 
The third chapter contains a manuscript which is entitled “Efficacy of decreased nitrite 
concentrations on Clostridium perfringens outgrowth during an Appendix B cooling cycle for 
ready-to-eat meats”. Finally, the fourth chapter consists of a general summary of the research 
conducted within the thesis.  
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CHAPTER 2. LITERATURE REVIEW 
Clostridium Perfringens 
Characteristics of Bacterium 
The nomenclature of Clostridium perfringens has changed over time, starting as Bacillus 
aerogenes capsulates, which was later changed to Bacillus phlegmonis emphysematosae, 
Bacillus perfringens (37) and finally to Clostridium perfringens as recognized today. One should 
know that Clostridium perfringens and Clostridium welchii are synonymous with one another, 
with C. welchii frequently recorded in UK literature but C. perfringens taking precedence due to 
the use of this species name first (37). The first observation of C. perfringens as an agent in 
foodborne illness was by McClung in 1945 (36). McClung had reported a series of foodborne 
outbreaks in the 1940’s, however, was unable to document enterotoxin production in mice and 
guinea pigs, and thereby was unable to prove C. perfringens as an agent in foodborne illness 
(17). Later a series of human feeding experiments enabled Hobbs et al. to establish C. 
perfringens as an active agent in foodborne illness (39, 17).  
 C. perfringens is a gram-positive, spore forming anaerobe that can be found ubiquitously 
throughout the environment. With this opportunistic organisms’ wide spread presence in the 
environment, it can be found in soils (103-104/g), dust, intestinal tract of humans and animals 
(103-106/g), and in at least 50% of raw and frozen meats (39). Additionally, this pathogenic 
spore-former is known as the causative agent in C. perfringens Type A food poisoning (20) and 
can be found in both the vegetative cell and spore state. C. perfringens vegetative cells are heat 
sensitive and can be inactivated at 75°C (15) as compared to its heat resistant spore state. C. 
perfringens spores are extremely resilient and are capable of surviving adverse conditions, such 
as high and low temperatures, presence of oxygen and lack of nutrients (20).  
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Conditions for Growth  
 Like many other organisms, there is a list of conditions and requirements that can both 
positively and negatively affect the growth of C. perfringens. To begin, C. perfringens is 
considered a mesophilic organism with an optimal temperature range between 37°C-45°C. 
However, the growth range of this organism is broader, with documented temperatures for 
growth being as low as 20°C and as high as 50°C (20). Additional growth requirements include 
pH, water activity, anaerobic environments and nutritional requirements. C. perfringens requires 
a pH ranging from 5.5-8.0 with Jay et al. (20) reporting lack of growth at pH values below 5.5 
and above 8.0, for most strains. Additionally, water activity (aw) can impact the growth of C. 
perfringens. Strong et al. (60) reported when sodium chloride was used to control aw levels 
growth of C. perfringens occurred at aw of 0.97 while no growth occurred at aw of 0.95. Strong et 
al. (60) also noted an interaction between aw and pH values. It was observed that in a sodium 
chloride-controlled medium, decreasing pH levels in a high aw solute resulted in low pH as the 
limiting growth factor as compared to low aw. However, in a low aw solute, it was observed that 
lower water aw levels were more influential in determining growth than low pH.  
C. perfringens is not considered to be a strict anaerobe like other forms of clostridia and 
has a nutritional requirement of at least 13 amino acids for growth to occur (20). Jay et al. (20) 
reported that when C. perfringens was held at 45°C under otherwise optimal growth 
requirements, generation times of the pathogen was as short as 7 minutes.  
Meat is considered to be an ideal medium for microbial growth due its ability to provide a 
favorable environment. Meat and poultry products provide a favorable environment for many 
organisms due to their high moisture content, rich nitrogenous compounds (amino acids, 
peptides, and proteins), mineral content, favorable pH and ability to provide aerobic or anaerobic 
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conditions (44). Thus, meat and poultry products are viewed as optimal vehicles of growth for 
the germination and outgrowth of the spore forming pathogen C. perfringens.  
Foodborne Outbreaks  
The Centers for Disease Control and Prevention (CDC) (8) stated that C. perfringens is 
one of the leading causes of foodborne illness within the United States, causing an estimated one 
million cases of foodborne illness each year. These illnesses are caused by the Type A food 
poisoning strains. The type A strain’s ability to cause food poisoning is due to a single gene, the 
C. perfringens enterotoxin (CPE) gene (20).  The CPE gene is the causative agent that is created 
during the late stages of cell sporulation with the optimal time for toxin production being just 
before the lysis of the cells sporangium (20). Enterotoxin production is controlled by those 
factors that control sporulation of the cell, therefore, the toxin is not secreted but instead is 
released, along with the completed spores, during the shedding of the mother cell (39). 
Illness occurs when a large number of vegetative cells are ingested within a contaminated 
food (>106 vegetative cells per g/food). The ingested cells then sporulate, thus creating 
enterotoxins within the small intestine (39). Symptoms of the illness occur between 6 and 24 
hours with a prominent presence between 8 and 12 hours after ingestion of a contaminated food 
(20). Symptoms of the foodborne illness include abdominal pain and diarrhea, however, nausea, 
vomiting and fever are rarely seen. The illness, which is short in duration, lasts a day or less in 
those individuals who are not considered to be immunocompromised (20).  
 A variety of foods can play a role in C. perfringens outbreaks, however, meat and poultry 
products are infamous for being the most common food vehicles associated with C. perfringens 
Type A foodborne illnesses. Contributing factors to outbreaks include inadequate thawing, 
cooking, cooling and reheating of food products, as well as preparing large quantities of food, the 
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preparation of foods too far in advance or cross contamination of foods (39). Outbreaks are 
commonly associated with institutional settings such as hospitals, nursing homes, schools and 
prisons. Events with catered foods are also associated with C. perfringens outbreaks (39). 
Institutional settings and catered foods are known to cause C. perfringens outbreaks because 
foods are commonly prepared in advance and in large quantities, then left to slow cool or kept 
warm until the time of consumption. Due to its presence in institutional settings, C. perfringens 
has become commonly referred to as the “Cafeteria Bug”. The improper cooling and reheating of 
food products provides optimal growth conditions for C. perfringens thus leading to outbreaks.  
A study conducted by Grass et al. (12) summarized foodborne disease outbreaks caused 
by C. perfringens and reported to the U.S. Centers for Disease Control and Prevention’s 
Foodborne Disease Outbreak Surveillance System between the years of 1998- 2010. During this 
time period 823 outbreaks, causing 28,543 illnesses were confirmed or deemed suspect as being 
caused by C. perfringens. Of the confirmed and suspect cases, 289 were confirmed which 
resulted in 15,208 illnesses, 83 hospitalizations and 8 deaths. Grass et al. (12) reported that on 
average, confirmed C. perfringens outbreaks resulted in 5% of the total foodborne disease 
outbreaks each year throughout the given time period. Furthermore, C. perfringens was reported 
as the second most common cause of bacterial foodborne outbreaks, including confirmed and 
suspect cases, each year behind Salmonella. A single food commodity was also reported for 144 
outbreaks with beef being the most common single food commodity (66 outbreaks), poultry (43 
outbreaks), pork (23 outbreaks), and other foods (12 outbreaks) (12). Also, it was reported that 
the most common factor resulting in C. perfringens outbreaks was allowing foods to remain at 
room or warm temperatures for long periods of time. This is followed by the slow cooling of 
foods and inadequate cooking/re-heating (12).  
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C. perfringens outbreaks typically go unreported due to the mildness of subsequent 
symptoms. Reports of C. perfringens foodborne illness only occur when large numbers of people 
are infected (institutions, catered events, etc.) around the same time period (20). For example, in 
2008, over 100 inmates in a Wisconsin county jail became ill after consuming a casserole 
containing ground turkey and beef. Stool samples were collected from six ill inmates, in which 
the C. perfringens enterotoxin was isolated. The leftover casserole was then analyzed and found 
to contain 43,000 CFU/g of isolated C. perfringens. Investigation of the outbreak found that 
foods used in the casserole were prepared and stored improperly. Investigators found that the jail 
was inconsistently recording food temperatures and was also unable to provide cooling 
temperature documentation of the incriminated casserole (7). In addition, an outbreak that 
occurred in 1993 in Ohio and Virginia was reported when a delicatessen began preparing for a 
large demand of corned beef for St. Patrick’s Day. The delicatessen received 1,400 pounds of 
raw corned beef and boiled the meat five days prior to St. Patrick’s Day. The meat was then 
allowed to cool at room temperature after cooking prior to refrigeration. On March 16th and 17th, 
the cooked corned beef was placed in a 48.8°C warmer to be sliced and served throughout the 
day. Corned beef sandwiches, made for several catering events on March 17th, were prepared and 
held at room temperature from 11am until time of consumption throughout the day. After the 
problem was made public, 156 persons contacted the Cleveland City Health Department with 
reports of onset of illness within 48 hours of consuming food from the delicatessen. Of these 156 
people, 144 reported having consumed corned beef. Two of three samples taken from the 
delicatessens leftover corned beef yielded equal to or greater than 105 colonies of C. perfringens 
per gram (6). In another case, located in Virginia, on March 28, 1993 an outbreak associated with 
corned beef occurred during a traditional St. Patrick’s Day dinner. In this case, 115 people 
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attended the dinner with reports of 86 of the 113 people interviewed having experienced the 
onset of illness. Of the 109 individuals that consumed the corned beef, 85 cases of illness 
occurred. The corned beef at the dinner was the only food item that was linked to the outbreak of 
illness. Testing of infected persons stools showed equal to or great than 106 colonies of C. 
perfringens per gram. A refrigerated sample of the corned beef was tested and found to contain 
greater than or equal to 105 colonies of C. perfringens per gram (6). Diagnosis of illness and 
confirmation of outbreak is confirmed by the detection of toxins and high numbers of C. 
perfringens vegetative cells and spores in a patient’s stool sample as well as finding large counts 
of toxin producing cells in the suspect food product (39).  
Prevention and Control  
 The most efficient way in which to control C. perfringens in food is to ensure proper 
cooking and storage of food products. Foods should be cooked to recommended temperatures to 
ensure the destruction of not only C. perfringens but numerous other bacterium as well. In order 
to prevent C. perfringens outbreaks, foods should be kept at temperatures warmer than 60°C or 
cooler than 5°C in order to prevent the outgrowth of C. perfringens spores that potentially 
survived the cooking process (8). CDC (8) also recommends that foods should be served 
immediately after cooking. Leftovers should be refrigerated as soon as possible or within two 
hours of preparation and reheated to 74°C. Additional preventative measures can be taken from 
an industry standpoint such as the use of nitrite in the prevention of C. perfringens outgrowth as 
well as following the Food Safety and Inspection service (FSIS), United States Department of 
Agriculture (USDA) Appendix B cooling guidelines.  
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APPENDIX B 
On May 2, 1996 FSIS proposed that the regulations for the production of cooked beef, 
roast beef, cooked corned beef as well as fully cooked, partially cooked, and char-marked 
uncured meat patties, and specific fully cooked and partially cooked poultry products be changed 
into product performance standards (67). Also, specific ready-to-eat meat products such as 
cooked roast beef products, fully cooked/uncured meat patties and certain fully cooked poultry 
products, would be expected to meet three performance standards. These standards included 
lethality, stabilization and handling. By requiring that these performance standards be met, FSIS 
concluded that ready-to-eat/cooked meat products would contain no viable pathogenic 
microorganisms (67). Final rule of these standards was implemented in 1999.  
Appendix B, which is also known as the compliance guidelines for cooling heat-treated 
meat and poultry products or stabilization, was last updated in June of 1999 and is currently the 
cooling standards being followed by producers today. Appendix B Stabilization Guidelines puts 
emphasis on continuously cooling meat products after cooking in order to prevent the outgrowth 
of spore forming bacteria, such as C. perfringens (67). Cooling between 54.44°C -26.67°C is of 
significant importance as dwell time in this temperature range is considered the optimal 
temperature range for the rapid growth of clostridia. Appendix B notes that a product’s internal 
temperature should not remain between 54.44°C -26.67°C for more than 1.5 hours nor between 
26.67°C – 4.44°C for more than 5 hours. These stabilization guidelines, which can be applied to 
cooked products such as partially/fully cooked, intact/non- intact meat and poultry products, are 
preferred over the second stabilization guideline given by Appendix B. The second stabilization 
guideline is based upon older data and states that chilling of meat products should begin with 90 
minutes of the completed cooking cycle. According to the second cooling standard, meat 
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products should be chilled from 48.0°C to 12.7°C in no more than 6 hours and then continue 
until the product reaches 4.4°C. The third stabilization guideline, according to Appendix B, may 
be used for the slow cooling of ready-to-eat meat and poultry products. Meat products that have 
been cured with a minimum of 100 ppm ingoing sodium nitrite may be cooled so that the internal 
product temperature declines from 54.44°C to 26.67°C in 5 hours and from 26.67°C to 7.22°C in 
10 hours, resulting in a 15 hour total cooling period. The process of cooling ready-to-eat/cooked 
meat and poultry products should not result in more than 1-log total growth of C. perfringens in 
the finished product (67).  
Chilling 
It is clear that proper chilling is a critical step in the prevention and control of C. 
perfringens within meat and poultry products. It is of concern due to the pathogens wide-spread 
distribution throughout the environment and ability to form spores. The spores are capable of 
surviving thermal processing, therefore, cooling, storage, reheating and holding of food products 
must be done properly to minimize the germination and outgrowth of the surviving spores (62). 
The opportunistic, spore-forming pathogen has a substantial nutrient source at its disposal in 
meat and poultry products, and in the case of extended cooling and temperature abuse conditions, 
has the opportunity to thrive in optimal temperature and growth conditions. Therefore, research 
regarding proper chilling is critical in understanding how this spore-forming pathogen survives, 
germinates and grows within meat and poultry in order to produce safe food products.  A study 
conducted by Juneja et al. (22), cited within the USDA- FSIS text of the rule for Appendix B 
(stabilization guidelines), investigated C. perfringens ability to germinate and grow during 
cooling from 54.4ºC to 7.2ºC within various cooling periods of 6, 9, 12, 15, and 18 hours in 
order to determine a safe cooling rate for cooked beef. The results of this study indicated that the 
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outgrowth of C. perfringens spores was not observed at 6, 9, 12 or 15 hours of cooling. However, 
when chilled from 54.4ºC to 7.2ºC in the extended cooling period of 18 hours, C. perfringens 
spores germinated and multiplied (22). Although this study found that slow cooling up to 15 
hours did not result in the germination and outgrowth of C. perfringens, it is important to note 
that there was no addition of nitrite to the cooked ground beef. A second study cited within the 
text of the rule, also conducted by Juneja et al. (23), evaluated the effects of temperature, initial 
pH, sodium chloride and sodium pyrophosphate on C. perfringens growth. The results of this 
study showed that the growth of the pathogen was significantly affected by not only the 
individual parameters, but a combination of them as well (23). Numerous studies, such as these, 
have been conducted on the potential growth of C. perfringens during cooling in various cooked 
and uncured protein sources such as beef, pork and turkey (28, 26). For example, a study 
conducted by Juneja et al. (26) investigated the outgrowth of C. perfringens in pork scrapple that 
was cooled from 54.4ºC to 7.2ºC in 12, 14 and 21 hours in order to mimic a deviation from a 
required 6.5 hour cooling period. The authors found that pork scrapple cooled for 12 and 14 
hours showed minimal growth, but when cooling was extended to 21 hours, significant growth 
(3.0 log10 to 7.8 log10) of C. perfringens occurred. Therefore, if pork scrapple is not adequately 
cooled to 7.2º within a maximum of 14 hours after cooking, it then has the potential of being a 
health hazard (26). However, these studies do not include sodium nitrite and its antimicrobial 
properties. Taormina, et al. (61) noted that research is still needed to determine C. perfringens 
vegetative cell and spore behavior in cured meats during continuous chilling as seen in a 
processing plant setting. Juneja et al. (24, 25) developed predictive models for the outgrowth of 
C. perfringens in cooked cured beef and pork. Results from the predictive modeling estimated 
that cooked cured beef cooled from 51ºC to 11ºC in 6, 8 or 10 hours would result in 1.43, 3.17 
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and 11.8 log10 CFU/g respectively, of growth (24). Predictive modeling from cured pork 
evaluated growth of C. perfringens from 10ºC to 48.9ºC and successfully predicted that the 
minimum growth temperature for C. perfringens was 13.5ºC and maximum growth temperature 
was 50.6ºC (25). In the case of abusive cooling, a study was conducted that investigated the 
effects of sodium nitrite and erythorbate on the germination and outgrowth of C. perfringens 
spores in ham (59). Ham samples that were formulated with or without sodium erythorbate (0 or 
547 ppm), and varying concentrations of sodium nitrite (0, 50, 100, 150 and 200 ppm) were 
stored at 5ºC for 3 hours or 24 hours after preparation, thermally processed and cooled from 
54.4ºC to 7.2ºC within 15 hours (59). The ham samples that were held at 5ºC for 24 hours after 
preparation resulted in greater C. perfringens population as compared to the hams held for 3 
hours. It was also found that nitrite had a greater antimicrobial effect for C. perfringens 
inhibition on product held for 24 hours versus that for the ham held for 3 hours. Solano et al. (59) 
confirmed nitrites role as an antimicrobial as its addition into product inhibited the outgrowth of 
C. perfringens and the addition of higher inclusion levels led to greater inhibition of C. 
perfringens spore germination and outgrowth. Although processed meat products, cured with 
sodium nitrite, are typically not at risk of C. perfringens outgrowth if properly chilled (61), it is 
nonetheless critical to monitor the chilling of cured meat products as an extended cooling period 
or temperature abuse can easily lead to the rapid germination and outgrowth of this spore-
forming, opportunistic pathogen.  
Conventional Nitrate and Nitrite 
History of Nitrate and Nitrite  
The origin of meat preservation by the way of curing has been lost in history. However, a 
glance back in time has shed light on those time periods in which development of the remarkable 
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curing process took place (1). To begin, the use of salt as a meat preservative outdates the 
intentional use of nitrate for the curing of meat products by several centuries (1). Early on, 
people recognized that by packing cuts of meat in salt, they were preserving the cuts for 
extended periods of time due in part to the drying effect the salt had on the meat (44). Heavily 
salting and drying the meat led to a decrease in the water availability thereby limiting microbial 
growth (44). By decreasing microbial spoilage through salted meats as compared to fresh meats, 
people were able to preserve meat for use in times of scarcity (44). Due to the ability to preserve 
meat products, salt became an important commodity as early as 1600 B.C. in the Jewish 
Kingdom, Babylonia and Samaria (21). As time moved on, the use of salt to preserve meat 
continued through the time of the ancient Greeks and the Romans. By the time of Homer, in 900 
B.C., curing meat with salt and smoke were considered old practices (1). Furthermore, during the 
time of the Roman Empire, books dating as far back as the reign of Augustus (63 B.C. – 14 
A.D.) were found to contain directions for the preservation of fresh meat via a brine solution and 
then smoking until the meat turned a pink color (44). As salt became a conventional method of 
meat preservation, it was observed that different types of salt manifested both color and flavor 
differences (44). Certain types of salt produced an unappealing gray color in the meat as 
compared to salts that produced a desirable pink-colored lean, and unique flavor profile (44). The 
desired color and flavor characteristics were due to nitrate impurities in the salt, or saltpeter 
(potassium nitrate) (44). When the contaminated salt was incorporated into a meat system, the 
nitrate was then reduced to nitrite, thus resulting in the curing effects of color, flavor and 
extended shelf life, as typically seen in cured meats of today (44).  
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Functions of Nitrate and Nitrite  
Cured Meat Color  
 From those early reports, the curing process continuously progressed over time and 
became a form of art during the 19th century (1). The 19th century not only brought innovative 
curing processes, but advances in science as well (1). During this time, a series of now classical 
studies discovered that nitrite, as opposed to nitrate, was the key ingredient in the curing process 
and thus the causative agent resulting in the unique red color seen in cured meats (44). Binkerd 
and Kolari (1) reported that Polenske, in 1891, found nitrite in cured meats as well as in a curing 
pickle. Polenske concluded that the nitrite found in cured meats was due to the bacterial 
reduction of nitrate (1). Polenske’s correct conclusion was quickly followed by Kisskalt and 
Lehmann’s discovery in 1899 (1). Kisskalt and Lehmann found that the cured meat color was 
due in part to nitrite as opposed to nitrate (1). Following, in 1901, was Haldane who investigated 
the pigmentation behind the unique cured meat color (14). Haldane (14) found that by adding 
nitrite to hemoglobin (Hb), he was able to create nitrosylhemoglobin (NOHb). As NOHb was 
thermally processed, nitrosylhemochromogen was generated and was thus determined as the 
pigment responsible for the unique red color seen in cooked, cured meats (14). Later, in 1908, 
Hoagland confirmed Haldane’s findings and further expanded on the importance of reducing 
nitrate to nitrite in order to achieve NOHb production and ultimately attain the cured red meat 
color (16). From the classic aforementioned studies, an understanding of the curing process was 
created and further built upon.  
Today, we recognize that when nitrate is reduced to nitrite, the further reduction of nitrite 
results in the formation of nitric oxide. Nitric oxide is a reactive species that, once formed, will 
bind with myoglobin to create the unstable intermediate nitrosylmyoglobin. Heating of the meat 
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product will further denature the globin (protein portion) of myoglobin creating stability between 
the nitric oxide and the heme group. The end product of this reaction is referred to as 
nitrosylhemochromogen, also known as the bright reddish-pink color traditionally seen in 
processed meats (5, 44, 47). Pegg and Shahidi (44) also reported that from these early studies the 
direct addition of nitrite, as opposed to nitrate, began in the 1900’s. Today, nitrite is readily 
available on the market and is known for its ability to set and stabilize the characteristic reddish-
pink color of cured meats.  
Cured Meat Flavor  
Along with the characteristic cured meat color, nitrite is also known for its ability to 
impart a unique flavor to cured meats as well. This unique flavor was described by Brooks et al. 
in 1940. He compared brines containing varying amounts of nitrite and nitrate, and concluded 
that “the characteristic ‘cured’ flavor of bacon is due primarily to the action of nitrite on the 
flesh.” Brooks et al. (2) also noted that a satisfactory bacon could only be made through the use 
of sodium chloride and sodium nitrite. However, it is well known that nitrites role in flavor 
development is complex and can be described as “at best, obscure” (34). Despite the uncertainty 
surrounding nitrites ability to create unique flavors and aromas to cured meat, an obvious 
difference does exist between cured and uncured meat (57). Sensory studies, such as that 
conducted by Cho and Bratzler (9), confirm that flavor differences between that of cured and 
uncured meats do exist. Cho and Bratlzer (9), who conducted a blindfold triangle test, were able 
to show that panelists were capable of deciphering a flavor difference between pork longissimus 
dorsi cured with nitrite as compared to pork longissimus dorsi that was not cured with nitrite. 
Furthermore, a sensory study conducted by MacDonald (34) found that hams which contained 
nitrite had a greater cured meat flavor as compared to those hams which contained only salt. 
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MacDougall et al. (35) noted that although nitrite is the key component in cured flavor 
development, the amount needed to achieve a satisfactory level varies between products. This is 
due in part to the nature of the meat itself, but also the amount and type of spices added and the 
smoking and cooking processes used. A difference clearly exists between cured and uncured 
meat products, and although this difference has perplexed many scientists, it has not slowed 
research. Many have proposed that nitrites role in the development of cured meat flavor is due to 
its antioxidant capabilities, which in turn, slows the formation of lipid oxidation and therefore 
rancid flavor development (44,57). Sindelar and Milkowski (57) state that both the hindrance of 
lipid oxidation and the formation of the inexplicable nitrite-related flavor are the mechanisms 
responsible for the development of the characteristic cured meat flavor.  
Hindrance of Lipid Oxidation 
It has long been known that lipid oxidation is not only a key component of off-flavors 
and odors in meat products, such as warmed-over flavor (WOF), but also the primary process by 
which the deterioration of quality in meat products occurs (3). This problem poses as a key 
challenge for the meat industry. However, in cured meats, it has been found that the addition of 
nitrite helps suppress lipid oxidation, thereby slowing the effect of meat product deterioration 
(44). The ability of nitrite to suppress lipid oxidation is due in part to its antioxidant properties 
(57).  Nitrites antioxidant properties help to slow the breakdown of unsaturated fatty acids, which 
are susceptible to lipid oxidation, and the subsequent formation of secondary products, such as 
aldehydes, which are responsible for the development of WOF, and the deterioration of meat 
products (44). Cross and Ziegler (10) conducted a study that found when nitrite was utilized, 
decreased aldehyde formation occurred in the product, thus indicating nitrites ability as an 
effective antioxidant. Sato and Hegarty (48) found that WOF can be significantly inhibited by 
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nitrite at 50 parts per million (ppm) with complete inhibition at 220 ppm. Additional studies, 
such as that conducted by Morrissey and Tichivangana (40), found that low levels of nitrite (20 
ppm) were capable of significantly inhibiting lipid oxidation as seen by a decrease in 
thiobarbituric acid (TBA) values; with 50 ppm, resulting in an even greater decrease in TBA 
values. However, the exact mechanisms behind nitrites antioxidant capabilities are still a matter 
of discussion (44, 65). Pegg and Shahidi (44) have proposed four mechanisms by which nitrite 
can hinder lipid oxidation; those being (i) the formation of a stable complex between nitrite and 
heme pigments, (ii) stabilization of unsaturated lipids in the tissue membrane against oxidation, 
(iii) interaction of nitrite as a metal chelator and (iv) the formation of nitroso and nitrosyl 
compounds, which act as radical scavengers.   
Microbiological Impact  
Nitrite not only contributes to the development of cured meat color and flavor, but also 
plays the role of an antimicrobial agent. Nitrites antimicrobial properties are both valuable and of 
the upmost importance due to the fact that meat is an ideal medium for the growth of organisms 
such as yeasts, molds and bacteria. Meat provides ideal conditions for these organisms due to its 
high water activity, rich nitrogenous compounds (e.g., amino acids, peptides, proteins, etc.) and 
minerals, as well as multiple other ideal growth factors (44). Nitrites strong antimicrobial activity 
helps to slow the growth of spoilage and pathogenic organisms and is generally more effective 
against gram-positive bacteria (Clostridia) as compared to gram-negative bacteria (Salmonella 
and Escherichia coli.), and is ineffective against yeasts and molds (20, 64). Although nitrite is 
effective at inhibiting various organisms, the microorganism of greatest concern, relative to 
nitrite inhibition, is Clostridium botulinum. C. botulinum, belonging to the same genus as C. 
perfringens, holds many similarities to the previously discussed pathogen being a gram – 
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positive, anaerobic, spore-forming pathogen, which can exist in both a spore and vegetative cell 
state and is wide-spread throughout the environment (20, 44). Due to the wide distribution of this 
pathogen, the potential of contaminating processed meat products exist, whether it be in raw 
material or post-processing. Contamination by C. botulinum is of grave significance due to the 
severity of the food intoxication it causes. C. botulinum foodborne illness, unlike that of C. 
perfringens (which requires a large number of viable cells to be ingested) is caused, instead, by 
the ingestion of a highly toxic exotoxin, which is pre-formed in foods through the growth and 
toxin production of the organism (20). Unfortunately, meat provides an ideal environment for the 
growth and toxin production of C. botulinum. The harmful toxins produced by C. botulinum can 
be unknowingly consumed and can cause detrimental symptoms which include nausea, vomiting, 
fatigue, dizziness, headache, dryness of the skin, mouth or throat, constipation, paralysis of 
muscles, double vision, difficulty breathing, and in severe cases, death with symptoms 
developing 12-72 hours after ingestion of a contaminated food product (20, 44).  However, the 
relatively low incidence of C. botulinum in cured meats is largely due to the addition of nitrite. 
Pierson and Smoot (45) noted that nitrite can provide antibotulinal effects in thermally processed 
meat products during two different stages with the first stage being nitrites ability to inhibit 
vegetative cells emerging from surviving spores, and the second stage being the prevention of 
cell division and growth in vegetative cells that do emerge from any surviving spores. Tompkin 
(63) also hypothesized that nitric oxide reacts with iron in the vegetative cells of C. botulinum 
blocking an essential metabolic step for its outgrowth. It has also been postulated that C. 
perfringens is inhibited via nitrite through its ability to block the sulfhydryl sites within the 
bacterial cells of the pathogen (64). Despite nitrites abilities to effectively inhibit both C. 
botulinum and C. perfringens growth and toxin production in cured meat products, it cannot take 
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all the credit, in regards to safety, as there are many other contributing factors. Such factors 
include salt, which causes plasmolysis, or the shrinkage of cells, and the addition of cure 
adjuncts such as erythorbate and ascorbate (20). Cure adjuncts accelerate the chemical 
conversion of nitrite to nitric oxide, thereby enhancing nitrites inhibitory effects on C. 
perfringens vegetative cells and spores (20, 44).  However, much like the elusive mechanisms 
behind cured meat color, flavor and inhibition of lipid oxidation, the exact processes of nitrites 
antimicrobial properties are still unknown. Nitrite, the “magic” ingredient, is capable of wearing 
various hats, and, as seen through numerous studies, is truly an irreplaceable ingredient in the 
field of processed meats.  
Regulation of Nitrate and Nitrite 
As the effectiveness of nitrite became more apparent, so did the need to regulate its 
addition into meat products. During the early 1900’s, nitrite became commonplace in meat 
processing. However, its addition into meat products was variable, most likely due to the use of 
both nitrite and nitrate. Due to the inconsistency of its use and the possibility of unwholesome 
foods being over-cured and entering into commerce, the United States Department of Agriculture 
(USDA) Bureau of Animal Industry established the regulation, in 1925, that no more than 200 
ppm of sodium nitrite will be permitted in the finished product (1). The early establishment of 
nitrite regulations helped to not only create consistency amongst meat products, but also helped 
to build the base for regulations that meat processors follow today. Current curing regulations, 
such as maximum ingoing nitrate and nitrite amounts, are dependent upon the curing process 
being utilized. For instance, comminuted products (bologna, salami, etc.) are limited to a 
maximum of 156 ppm of sodium nitrite or 1,718 ppm nitrate per green weight of the meat block 
(66). Immersion and massage-cured products are allowed require a maximum of 200 ppm 
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sodium nitrite or 700 ppm nitrate (66).  For dry-cured products, the limit is 625 ppm sodium 
nitrite or 2,187 ppm nitrate, based on the green weight of the product. Dry-cured products would 
have the nitrite or nitrate directly applied to the surface of the product (Prosciutto, country hams 
etc.) and dried for an extended period of time allowing the cure reactions to take place (66). 
Bacon, however, is deemed a unique case. This is due to concerns of nitrosamine formation in 
bacon, and its potential link to cancer (66). Pumped and/or massaged bacon (rind off) requires an 
ingoing amount of 120 ppm sodium nitrite. However, USDA also requires an ingoing amount of 
547 ppm sodium ascorbate or sodium erythorbate (cure accelerators) in order to minimize the 
amount of residual nitrite produced, thereby, decreasing the potential for nitrosamine formation. 
Immersion-cured bacon (rind off) is limited to 120 ppm nitrite, while dry-cured bacon (rind off) 
is limited to 200 ppm nitrite. Pumped, massaged, immersion-cured or dry-cured bacon, with the 
rind on, requires that the ingoing amount of nitrite and sodium ascorbate or sodium erythorbate 
be adjusted to account for the attached skin or rind on (66). A pork belly’s weight is comprised 
of approximately 10% skin, with the skin retaining practically no cure solution, therefore, the 
maximum ingoing limits for nitrite, sodium ascorbate and sodium erythorbate should be reduced 
by 10% in order to account for the cure solution loss in rind-on bellies (66). Furthermore, nitrate 
is no longer allowed for use in injected bacon products due to increased risk of nitrosamine 
formation (66).  
Finally, USDA requires that all cured products that are labeled “Keep Refrigerated” must 
have an ingoing minimum of 120 ppm nitrite. However, if a processor is able to prove that safety 
is controlled by other preservation methods such as thermal processing, pH or moisture control, 
they are then allowed less than 120 ppm ingoing nitrite (66). 
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 It appears that the aforementioned regulatory nitrite levels were developed to prevent the 
germination and outgrowth of C. botulinum in processed meat products. A study conducted by 
Greenburg, in 1974, observed that bacon, which was inoculated with C. botulinum and incubated 
at 80°F, resulted in greater resistance C.botulinum toxin production at an ingoing nitrite 
concentration of 120 ppm or greater as compared to product with a lower ingoing nitrite 
concentration of 60 ppm (13).  
Health Benefits of Nitrate and Nitrite 
Despite cured meats long-standing place in the American diet, the infamous debate over 
the consumption of dietary nitrates and nitrites continues. This continuous debate has been fueled 
by epidemiological studies that have indicated dietary nitrate and nitrite consumption are 
detrimental to one’s health causing disease such as cancer. However, what consumers fail to 
realize is that dietary nitrates and nitrites are naturally occurring in food products such as leafy 
green vegetables and fruits, and are also believed to contain beneficial health properties as well. 
 Knowledge of nitrate and nitrites ability to provide positive health effects is not new. 
Documents ranging back to around 800 A.D. indicate that nitrates and nitrites were used by the 
Chinese to relieve “acute heart pains, and cold in the hands and feet” (11). However, the Chinese 
were not the only people to recognize the health benefits of dietary nitrate and nitrite. The 
Mediterranean diet, which typically consists of an array of leafy green vegetables, fruits, fish, 
and grape wines, has been thought to provide an element of cardio protection, thereby reducing 
the health risk of cardiovascular diseases (31, 42). The components of the Mediterranean diet 
thought to provide such health benefits include wine polyphenols, polyunsaturated fatty acids 
(PUFA), and nitrites (42). Raat et al. (46) reported that the typical Mediterranean diet, rich with 
leafy green vegetables, was found, on average, to provide 400 mg/day of nitrate; almost fourfold 
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the nitrate intake of a typical Western diet. Vegetables, being a main source of exogenous dietary 
nitrate, accounts for 60-80% of the daily nitrate intake in a typical western diet. However, it may 
be sourced through other foodstuffs, such as an additive in cured meat products, to act as an 
antioxidant, antimicrobial and enhancer of sensory characteristics (30). Exogenous sources of 
nitrate include the dietary intake of foods rich in the anion, such as leafy green vegetables, as 
previously mentioned.  
Nitrate enters the body and subsequently circulates through the entero-salivary cycle. 
Lundberg et al. (32) describes the entero-salivary circulation and reports that once dietary nitrate 
has been ingested, up to 25% is excreted by the salivary glands, further concentrated in the 
saliva, and reduced from nitrate to nitrite within the oral cavity. The facultative anaerobic 
bacteria within the mouth reduce nitrate to nitrite through the action of nitrate reductase 
enzymes. Following this conversion, nitrite is swallowed and conveyed to the stomach where the 
acidic conditions convert the nitrite into nitric oxide, which is thought to help regulate important 
physiological functions. Remaining nitrate and nitrite is then effectively absorbed by the 
intestines and are either secreted via the kidneys or re-enter into circulation. The remaining 
nitrate and nitrite that re-enters into circulation can then be absorbed by the blood and tissues, 
and further converted to nitric oxide via physiological hypoxia. An active uptake of nitrate, from 
the blood, occurs and then concentrates in the salivary glands and saliva, thus creating the ability 
to repeat the entero-salivary cycle (32).  
Regarding the health concerns of dietary nitrite, Mcknight et al. (38) reported that from 
an evolutionary standpoint, it is unlikely that nitrate would purposefully concentrate in the mouth 
and be further recycled, if it was a harmful substance, causing such diseases as cancer. 
Therefore, the sophistication of such a cycle has surely evolved for a beneficial purpose. The 
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new ideation of dietary nitrate and nitrite being beneficial to one’s health has come as a surprise 
to many due to nitrate and nitrites historically negative reputation of causing such health 
concerns as cancer (4). For instance, the maintenance of nitric oxide homeostasis within the body 
is thought to be crucial for the prevention of disease and for obtaining optimal health (43). As 
humans age, a decreased ability to produce nitric oxide has been observed. Furthermore, the 
decline in nitric oxide production decreases cardio-protection, thereby, increasing the risk of a 
cardiovascular-related death (43). The decline of nitric oxide production can lead to a host of 
diseases such as hypertension, atherosclerosis, peripheral artery disease, heart failure and 
thrombosis, which in turn, leads to heart attack and stroke. However, it has been shown that the 
therapeutic uses of dietary nitrate and nitrite can positively reduce the risk of such diseases (33, 
43). It is only now becoming more apparent that dietary nitrate and nitrite may provide health 
benefits. Parthasarathy and Bryan (43) say it best with their conclusion of “the historical 
classification of nitrite as a ‘cure’ may now have a new meaning”.  
Health Concerns Related to Nitrate and Nitrite  
Despite nitrate and nitrites ability to provide an array of health benefits, numerous health 
concerns regarding its consumption continue, and can be traced back to decades of heated 
debates as well as years of consumer confusion. The intense debate over nitrate and nitrite can be 
traced back to the late 1960’s and early 1970’s when dietary nitrate and nitrite usage came under 
fire. The health concerns linked to its usage were serious enough at the time that the U.S. 
government considered banning the use of nitrate and nitrite completely within meat products 
(44). An important report released by Lijinsky and Epstein in 1970, which was entitled 
“Nitrosamines as Environmental Carcinogens,” stated that nitrosamines were both potent and 
carcinogenic, and may be a cause of human cancer via the ingestion of nitrites and secondary 
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amines. The authors of this report suggested that the solution to the problem would be to 
eliminate any nitrosamine precursors, such as nitrites or secondary amines, from the diet in order 
to prevent the risk of cancer (29). Due to Lijinsky and Epstein’s (29) “casual” relation between 
potentially carcinogenic nitrosamines and human cancer, cured meat products, which obviously 
contain nitrate and nitrite, were deemed hazardous for human consumption. Further research in 
1971 found that nitrosamine formation in cured meats can only take place under certain 
conditions which include the presence of secondary amines, availability of nitrite, neutral pH 
conditions, and when temperatures of 130°C or greater are reached (i.e. the frying of bacon) (58). 
As the debate over nitrate and nitrite usage roared on, regulations were proposed in order to 
lower the risk of nitrosamine formation as opposed to the complete ban of nitrate and nitrite in 
food products. In 1975, the proposed regulations focused on nitrosamine formation in bacon and 
subsequently led to the reduction of nitrite in bacon from 200 ppm to 125 ppm (58). Just a few 
years later, in 1978, a final ruling of 120 ppm nitrite with an added 547 ppm of sodium 
erythorbate or ascorbate, along with the additional ruling which banned the use of nitrate in 
bacon processing, was approved (58). However, bacon is not the only product to be regulated. 
Today, all cured meat nitrite levels are stringently regulated, thus relieving concerns regarding 
nitrosamine formation via the consumption of dietary nitrite.  
Natural and Organic Processed Meats  
Curing Alternatives  
Niche markets, such as natural and organic, have increased in popularity amongst 
consumers, who have become infatuated with their offering of “preservative- free” foods. Over 
the years, the average consumer has not only become increasingly interested in natural and 
organic markets, but also where their food comes from and how it is processed prior to reaching 
26 
 
 
their dinner table. Siderer et al. (53) observed that the growing demand of these niche markets 
have arose from consumer safety concerns surrounding pesticides, antibiotics, hormones, 
chemical additives and environmental sustainability. These consumer concerns have created both 
challenges and opportunities for the meat industry as the chemical preservatives being placed 
under scrutiny in cured meat products include nitrate and nitrite. As previously discussed, many 
epidemiological studies have led consumers to believe that dietary nitrate and nitrite is hazardous 
to their health, leading to such detrimental health issues as cancer (29), thereby, creating a 
negative consumer perception of the indispensable curing ingredients. In order to meet consumer 
demand, natural and organically processed meat products are being produced in increasing 
amounts. However, to be considered a natural or organic product, the addition of nitrate or nitrite 
is not permitted. Due to the inability to utilize conventional nitrate and nitrite in natural and 
organically cured meat products, meat processors have begun using nitrite alternatives that are 
considered natural or organic ingredients. These ingredients include juices and powders from 
celery, lettuce, spinach, and beets, which contain measurable amounts of nitrate, as high as 
1,500-2,800 ppm, and can be added to meat products in order to obtain similar characteristics to 
a conventionally cured meat product (18, 41, 51). To most closely replicate those characteristics 
seen in conventionally cured meat products, such as color and flavor development, celery juice 
and celery juice powder have been reported to be most compatible with meat products. Celery 
contains very little vegetable pigment and has a mild flavor profile which, ultimately, does not 
take away from the finished meat product, as compared to beets, which are not permitted for use 
in natural products by USDA due to their high pigment concentration, thereby being deemed as a 
“coloring agent” despite their ability to yield high nitrate/nitrite concentrations (51).  
 
27 
 
 
Curing Process  
 Due to celery juice’s compatibility with meat products, it was only natural that meat 
processors leaned toward the use of this “clean label” ingredient.  Much like that of chemical 
nitrate and nitrite, the ingoing concentration is crucial when producing both conventionally and 
naturally cured meat products. Natural nitrate and nitrite, as found in celery powder, is added 
based on the weight of an entire batch, as recommended by manufacturers. However, when 
utilizing natural cures, such as celery powder, it is important to recognize what type of product is 
being processed as well as the recommended percentage to be incorporated because too much of 
this ingredient may result in a vegetable flavor and/or aroma in the meat product. A study 
conducted by Sindelar et al. (55) found that the incorporation of 0.2% and 0.4% celery juice into 
frankfurters did not result in any off-flavors or aromas within the meat product. However, when 
adding 0.2% and 0.35% celery juice to a ham product, the results showed a stronger vegetable 
flavor and aroma at a 0.35% inclusion level with less of a typical ham flavor as compared to the 
0.2% concentration which was ranked similar in all sensory characteristics as conventionally 
cured meat products (56).  
With natural and organically processed foods picking up speed, celery powders are of 
convenience to processors as they are commercially available in both a nitrate and pre-converted 
nitrite form. However, it was not always this way. Prior to the use of pre-converted celery 
powder, an incubation step, which allowed nitrate to be converted to nitrite, was required during 
the manufacture of natural and organically cured meats. This incubation step occurred via the 
nitrate-reducing bacteria that are added into the product formulation. However, the bacteria 
utilized are not the common starter cultures that are used in the fermentation of sausage, such as 
Lactobacillus plantarum and Pediococcus acidilactici, as they are not capable of reducing nitrate 
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to nitrite, whereas starter cultures such as Kocuria (Micrococcus) varians, Staphylococcus 
xylosus, and Staphylococcus carnosus are capable of such a conversion (50). The inclusion level 
of celery powder is of significance as is the addition of starter cultures, but the incubation time 
and temperature are critical components for the conversion of nitrate to nitrite. Sindelar (54) 
reported that the incubation time of a small diameter sausage product and large diameter ham 
that are held at 38°C is of greater significance than the amount of natural nitrite added for the 
development of cured meat properties such as color and flavor development. Sindelar (54) also 
reported that time is a critical component in small diameter sausage products, whose internal 
temperature will quickly reach 38°C, as compared to that of a large diameter ham, whose internal 
temperature will slowly increase towards 38°C. This is of significance as the incubation period 
can take up to 1-2 hours, dependent upon product diameter. Small diameter products will reach 
optimal internal temperatures much quicker than a large diameter product during thermal 
processing. This can potentially cut the conversion process of nitrate to nitrite short. Therefore, 
an incubation period would be required in small diameter products as compared to that of a large 
diameter product, which will take a longer period of time to reach an optimal internal 
temperature, thereby allowing adequate time for the conversion process to occur (51). However, 
processors were becoming restless at having to wait for the completion of an incubation step 
before thermally processing. So arose the development of a pre-converted celery juice powder 
(i.e. nitrite form). Processors were then able to skip the incubation step and use the new product 
much like they would use conventional nitrite. In addition to decreasing production times, a large 
benefit of pre-converted celery powder was the increased accuracy of the ingoing nitrite levels. 
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Challenges 
Many challenges have been brought to light with the production of natural and organic 
processed meats. One such challenge lies in the arena of labeling. The discrepancy involving 
these “uncured” meat products is, and continues to be, an area of controversy within the meat 
industry. As mandated by USDA regulations, “natural” and “organic” meat and poultry products, 
by definition, may not contain added sodium or potassium nitrate or nitrite, and it is obvious that 
nitrite is an irreplaceable ingredient in regards to processed meats due to its unique ability to 
impart characteristic cured meat properties such as color and flavor development as well as 
microbiological safety. Without the addition of this essential ingredient, cured meat products 
may be considered unattractive and “out of character” from a consumer standpoint (51), and this 
is best seen with “truly uncured”, no-nitrate or no-nitrite added meat products. The USDA allows 
the production of two types of “uncured” meat products, one of which is truly uncured with no 
intentionally added nitrate and nitrite, and a second group of meat products which are also 
labeled as “uncured” (55) but which mimic those characteristics that are seen in traditionally 
cured meat products. The second group of “uncured” meat products have had a source of natural 
nitrate or nitrite intentionally added to the product formulation in order to achieve such cured 
meat characteristics and are required to be labeled as described by the USDA, FSIS Code of 
Federal Regulations (70):  
9 CFR 319.2: 
“Any product, such as frankfurters and corned beef, for which there is a standard in this 
part and to which nitrate or nitrite is permitted or required to be added, may be prepared 
without nitrate or nitrite and labeled with such standard name when immediately 
preceded with the term “Uncured” in the same size and style of lettering as the rest of 
such standard name: Provided, that the product is found by the Administrator to be 
similar in size, flavor, consistency, and general appearance to such product as commonly 
prepared with nitrate and nitrite. And provided further, that labeling for such product 
complies with the provisions of 317.17(c) of this subchapter”.  
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Furthermore, the USDA, FSIS Code of Federal Regulations (69) 317.17(c) states:  
  
“Products described in paragraph (b) of this section and § 319.2 of this subchapter shall 
bear, adjacent to the product name in lettering of easily readable style and at least one-
half the size of the product name, the statement ‘‘Not Preserved—Keep Refrigerated 
Below 40 °F. At All Times’’ unless they have been thermally processed to Fo 3 or more; 
they have been fermented or pickled to pH of 4.6 or less; or they have been dried to a 
water activity of 0.92 or less”.  
 
It can easily be seen that in addition to “natural” and “organic,” a third group of “uncured” meat 
products exist. Although many processors produce “uncured” meat products in order to achieve a 
“natural” or “organic” product, it is critical to note that not all products labeled as “Uncured” are 
natural or organically produced (50).  
 However, if a processor chooses to produce a natural product they must follow a set of 
guidelines as established by USDA, FSIS (68):  
 “(1) The product does not contain any artificial flavor or flavoring, coloring ingredient, or 
chemical preservative (as defined in 21 CFR 101.22), or any other artificial or synthetic 
ingredient; and (2) the product and its ingredients are not more than minimally processed. 
Minimal processing may include: (a) those traditional processes used to make food edible or to 
preserve it or to make it safe for human consumption, e.g., smoking, roasting, freezing, drying, 
and fermenting, or (b) those physical processes which do not fundamenta lly alter the raw product 
and/or which only separate a whole, intact food into component parts, e.g., grinding meat,…” 
 
The term “natural” has not come without controversy, as evidenced by a “Note” that was 
added to the USDA Food Standards and Labeling Policy Book in 2005, that indicated that 
“Sugar, sodium lactate (from a corn source), and natural flavorings from oleoresins or extractives 
are acceptable for ‘all natural’ claims.”  The note was written with intentions of manufacturers 
being able to show that the ingredient was from a natural source, such as corn, was no more than 
minimally processed, and imparted flavor without causing an antimicrobial effect, which would 
be at levels regulated for the purpose of flavoring (i.e., less than 2% of the formulation) (68). 
This “Note” led to the discrepancy revolving around sodium lactate, as it is well known that 
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lactate is considered to be an antimicrobial agent, which in turn, may conflict with the ruling of 
“no chemical preservatives” in naturally produced products. Lactate is seen as a dual purpose 
ingredient (antimicrobial and flavoring agent) and was therefore removed from the guidelines, 
however, USDA will now judge the addition of the ingredient on a case-by-case basis when it is 
added as a flavoring agent as opposed to an antimicrobial (68). Despite the controversy that 
surrounds the term “natural,” products that are organically produced are held to much more 
stringent and structured rulings.  
Organically produced foods were first introduced by the USDA through the Organic 
Foods Production Act (OFPA) as a part of the 1990 Farm Bill (71). OFPA called for the National 
Organic Standards Board (NOSB) who created a National List of Allowed and Prohibited 
Substances, which listed substances which are both allowed in and prohibited from organic 
production and handling (50, 71). In 2002, when the National Organic Program Standards were 
implemented, they specified the methods, practices and substances that can be used to produce, 
process and handle organic foods (71). The labeling practices of organically produced foods are 
also well defined. Products being labeled with the USDA organic seal must come from a 
certified farm and handling operation where products labeled as “100% organic” may use the 
seal and the product must contain only organically produced ingredients. “Organic” products 
may use the seal and must contain at least 95% organically produced ingredients, the other 5% of 
ingredients may come from the National List of Approved Substances. However, products that 
contain 70% organic ingredients cannot use the seal but can be labeled with the statement “made 
with organic ingredients” and display up to 3 of those ingredients on the product display panel. 
Finally, products made with less than 70% of organic ingredients may only list which ingredients 
are considered organic on the information panel and may not use the seal (71).  
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It is easy to see, from the above labeling requirements, how consumer confusion and 
misconception may occur. Although the terms natural and organic have become commonplace 
the use of “uncured” has created unease to many within the meat science industry. The term 
“uncured” is seen as a potentially false statement and could lead to consumer confusion as they 
believe that they are not consuming any form of nitrate/nitrite. Although the nitrate/nitrite 
included in these products is in a natural form, such as from vegetables, the fallacy of the 
labeling could at best be seen as incorrect and at a worst deceptive to consumers (52). The 
“uncured” trend does not seem to be slowing down so it has become increasingly important to 
become transparent with consumers about their food supply so as to not lose their trust.  
However, a challenge that is deemed more important than the misconception of labeling 
with “uncured” products is the safety pertaining to them. Despite the similarities seen in sensory 
characteristics between “uncured” and conventionally cured meat products the question 
concerning safety has been raised. Sindelar et al. (56) notes that “natural curing” is unable to 
provide an equivalent amount of added nitrite to meat products as what is traditionally seen in 
conventionally cured meat products. Natural curing agents, such as pre-converted vegetable 
products, contain 15,000-20,000 ppm nitrite and when added to a meat product at 0.3% would 
only yield 45-60 ppm of nitrite (52). In order to see the same impact as one would see in a 
conventionally cured product an increased concentration of celery powder must be added. This, 
however, could be problematic as the addition of high concentrations of celery powder is 
currently restricted by the off-putting “vegetable” flavor that may occur. Due to such variation in 
natural cures, it should be kept in mind that USDA regulation requires that all cured products 
that are labeled “Keep Refrigerated” must have an ingoing minimum of 120 ppm nitrite. 
However, if a processor is able to prove that safety is controlled by other preservation methods 
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such as thermal processing, pH or moisture control, less than 120 ppm ingoing nitrite 
requirement is permitted (66). Ingoing nitrite levels are not only important when meeting USDA 
standards but are critical for controlling microbial spoilage and providing microbiological safety. 
Studies have found that “uncured” meats do not provide the same level of safety in regards to 
suppressing microbiological growth as compared to its conventional counterpart (19, 49, 54). A 
study conducted by Jackson (19) evaluated the outgrowth of inoculated C. perfringens in 
commercially produced no-nitrate, no-nitrite (natural and organic) frankfurters, ham and bacon, 
and subsequently compared to them to their conventionally cured counterparts. The results of the 
study showed that C. perfringens outgrowth was greater in seven of eight naturally cured 
frankfurters, six of seven naturally cured hams, and four of nine naturally cured bacon samples, 
relative to the conventional controls. Jackson (19) found that C. perfringens growth was 1 log 
CFU/g to 3 log CFU/g greater in the natural and organically produced products as compared to 
conventionally cured products after 10 days of storage at 20ºC and noted that the difference 
between the natural and organically produced products and conventionally cured products may 
be due in part to the utilization of maximum sodium nitrite concentrations as compared to the 
reduced nitrite levels in naturally cured products. A similar study conducted by Schrader (49) 
found similar results in commercially produced no-nitrate, no-nitrite (organic and natural) 
frankfurters and hams which were inoculated with Listeria monocytogenes. Further, a second 
study conducted by Jackson (19) tested ingredients that may improve processed meat safety 
without jeopardizing a products natural or organically produced status, such as natural 
antimicrobials, in naturally cured frankfurters and hams inoculated with C. perfringens. The 
results of the study showed that the addition of supplemental ingredients, such as natural 
antimicrobials, offered safety improvement in natural and organically cured meat products. 
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However, all of the previously mentioned studies found that in general natural and organically 
cured meats have an increased risk for the outgrowth of pathogens as compared to 
conventionally cured meat products (19, 49). 
Summary of Literature 
 Despite nitrites positive attributes as not only an antimicrobial preventing the outgrowth 
of pathogens, such as C. botulinum in processed meats, but also as an important component to 
maintaining nitric oxide homeostasis within the body as well as optimal health, consumption of 
nitrite is still a concern to many consumers. This is due in part to decades of epidemiological 
studies, which reportedly linked the consumption of processed meats to cancer formation, 
deeming cured meats potentially hazardous to human health. Thus, consumers have not only 
become increasingly interested in where their food comes from but also how it is made. 
Consumer concern has helped to fuel their fascination for natural/organic or “preservative-free” 
foods which has, in turn, resulted in the production of “uncured” meat products. However, 
“uncured’ meat products, which have been cured via natural sources of nitrate/nitrite, have been 
found to lack the same level of safety, in regards to suppressing microbiological growth, as 
compared to conventionally cured meats. This is due in part to the variability and decreased level 
of ingoing nitrate/nitrite. Despite these findings, research is still needed to ensure consumer 
safety, as the “trend” of natural and organically produce processed meats, and foods, will only 
gain popularity and continue growth within the market place. Therefore, the objective of this 
study was to investigate the implications associated with reduced nitrite concentrations, as seen 
in natural and organically produced processed meats, which in turn, has the has potential to result 
in greater survival of C. perfringens. It is hypothesized that cooling, according to USDA 
Appendix B for ready-to-eat meats, following the cooking process, may need to occur faster 
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when utilizing the decreased nitrite concentrations, typical to that of natural and organic 
processed meats, to assure control of C. perfringens, and in doing so, ensure product and 
consumer safety.  
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Abstract 
 Increased popularity of natural and organic processed meats can be attributed to the 
growing consumer demand of preservative-free foods. In order to meet consumer demand, 
processors have begun using celery juice concentrate in place of sodium nitrite creating no-
nitrate-no-nitrite added meat products while maintaining the characteristics unique to 
conventionally cured processed meats. Natural cures typically have lower ingoing nitrite 
concentrations which could allow for increased pathogen growth, such as Clostridium 
perfringens, during cooling as required by USDA, FSIS Appendix B. The objective of this study 
was to investigate the implications associated with reduced nitrite concentrations and their ability 
to inhibit C. perfringens outgrowth during a 15 hour cooling cycle. Nitrite treatments of 0 ppm, 
50 ppm, and 100 ppm were tested in a broth system inoculated with a three-strain C. perfringens 
cocktail and treated with a 15 hour stabilization cycle. Samples were collected at 11 pre-
determined time/temperature points throughout the cooling cycle in order to evaluate survival of 
the total C. perfringens population as well as vegetative cells and spores. The lower nitrite 
concentration of 50 ppm was more effective at preventing C. perfringens outgrowth than 0 ppm, 
but was not as effective as 100 ppm nitrite. The interaction between nitrite and temperature 
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significantly inhibited (p <0.05) C. perfringens outgrowth in both total population and vegetative 
cell data. The factors of temperature and nitrite concentration significantly impacted (p <0.05) C. 
perfringens spores with the interaction between nitrite and temperature having a non-significant 
(p >0.05) effect on spore outgrowth. Results indicate that decreased nitrite concentrations (50 
ppm) have increased potential for total C. perfringens population outgrowth during cooling and 
may require additional protective measures, such as faster chilling rates.  
Introduction 
Nitrites place in cured meat production has become entrenched and irreplaceable 
throughout time, with the exact origin of this unique ingredient being lost in history. Despite the 
unknowns of its origin, nitrites beneficial properties were discovered early as an impurity in salt, 
or saltpeter (potassium nitrate), that imparted a unique color and flavor when applied to meat 
products (10). Nitrites capability of imparting this unique cured meat color and flavor are now 
well known as well as its antioxidant and antimicrobial properties and is typical of cured meat 
products seen today. However, despite nitrites ability to extend cured meat shelf life and prevent 
the outgrowth of harmful pathogens, such as Clostridium botulinum, consumers have been 
apprehensive of nitrite consumption. 
This consumer concern can be linked to epidemiological studies that were released in the 
late 1960’s and early 1970’s. The report by Lijinsky and Epstein (8) in 1970 suggested that the 
ingestion of nitrosamines could be a cause of human cancer and suggested that the best method 
in eliminating the risk of cancer was to reduce the consumption of nitrosamine precursors, such 
as nitrite, from the diet, thereby posing cured meat products as a hazard to human health. The 
United State Department of Agriculture (USDA) responded to the concern of nitrosamine 
formation in cured meat products by establishing a maximum limit of nitrate and nitrite in bacon, 
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so as to reduce the risk of nitrosamine formation, which is still being used today (17). Despite the 
negative research and connotation about the consumption of nitrate and nitrite, there has been an 
assortment of studies indicating the importance of dietary nitrate and nitrite consumption for 
maintaining optimal health. For instance, it has been observed that an adults’ ability to produce 
nitric oxide decreases with age (9). It is thought that the consumption of dietary nitrate and nitrite 
can aid in the maintenance of nitric oxide homeostasis within the body, helping to prevent such 
diseases as hypertension, atherosclerosis, peripheral artery disease, heart failure and thrombosis, 
which can, in turn, lead to heart attack and stroke (9).  
Regardless of these health benefits, the deep-rooted memory of nitrosamine formation 
and the potential risk of cancer due to the consumption of such chemical preservatives as nitrite 
has caused continued apprehension amongst consumers. Thereby leading them to seek 
alternatives such as natural/organic or “preservative- free” foods which has, in turn, resulted in 
the growing demand of these niche markets. It has been observed that the consumer concern not 
only consists of chemical additives, but the use of pesticides, antibiotics, hormones and 
environmental stability as well (14). These concerns have not only led to increased popularity of 
natural and organic meat products, but also the development of naturally cured or “uncured” 
meat products. In order to meet consumer demands, meat processors have had to create natural 
and organically produced processed meat products. However, to be considered natural or 
organic, the addition of chemical preservatives, such as nitrate and nitrite, are not permitted. This 
poses a problem, as nitrite is an irreplaceable ingredient in processed meats. However, as an 
alternative, processors began using vegetable juices and powders, which contain measurable 
amounts of nitrate, and which also produce similar characteristics as that of conventionally cured 
meat products. This alternative to conventional nitrate and nitrite meets the labeling regulations 
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required by natural and organically produced foods (19). In order to replicate the characteristics 
typically seen in conventionally cured meat products, such as color and flavor development, it 
was found that celery juice and celery juice powder were the most compatible with meat 
products, due to the fact that it contains very little vegetable pigment and has a mild flavor 
profile which does not take away from the end product (12). Over time, natural cures, such as 
celery powder, have not only become more popular, but have also evolved in their own right. 
Starting as a form of nitrate, which had to go through a time consuming incubation step to 
achieve conversion to nitrite, to evolving into a pre-converted form which contains nitrite and 
allows processors to skip the incubation step and add the natural cure directly into the product 
formulation just as processors would with conventional nitrite. In spite of celery powders ability 
to achieve natural and organic status, there are certain challenges that naturally cured products 
face such as labeling debates and product safety.  
Product safety becomes a key question with naturally cured meat products as natural 
cures, such as pre-converted celery juice powder, are unable to provide an equivalent amount of 
added nitrite compared to conventionally cured products (15). This may be due in part to the 
variability seen in vegetable cures as most pre-converted cures contain 15,000-20,000 ppm nitrite 
and when added to meat products at a 0.3% inclusion level only yields 45-60 ppm nitrite (13). 
In-going nitrite levels are critical in controlling microbial growth in cured meat products as 
numerous studies have reported that naturally cured or “uncured” meat products do not provide 
the same level of safety in regards to suppressing the outgrowth of foodborne pathogens such as 
Clostridium perfringens and Listeria monocytogenes as compared to their conventional 
counterparts (4, 11). For instance, a study conducted by Jackson (4) evaluated the outgrowth of 
inoculated C. perfringens in commercially produced no-nitrate, no-nitrite (natural and organic) 
45 
 
 
frankfurters, ham and bacon, and then compared to them to their conventionally cured 
counterparts. Jackson (4) found that C. perfringens outgrowth was greater in seven of eight 
naturally cured frankfurters, six of seven naturally cured hams, and four of nine naturally cured 
bacon samples, relative to the conventional control. The difference between the natural/organic 
products and conventionally cured products may be due in part to the utilization of maximum 
sodium nitrite concentrations in conventionally cured products as compared to the reduced nitrite 
levels in naturally cured products. Jackson (4) also evaluated the addition of natural 
antimicrobials to naturally cured frankfurters and hams inoculated with C. perfringens. It was 
found that the addition of natural antimicrobials offered safety improvement in natural and 
organically cured meat products, while maintaining a products natural/organic status.  
Prevention of C. perfringens is important as it is responsible for Type A foodborne 
illness, is a pathogen of concern in both conventionally and “uncured” meat products due to the 
fact that it is a spore-forming bacterium that is ubiquitous throughout the environment (5). C. 
perfringens can exist in both the vegetative cell and spore state with its vegetative cells being 
heat sensitive and inactivated by heat at 75ºC (3) as compared to its spore state which is capable 
of surviving in extreme conditions, such as high and low temperatures (5). The improper heating 
and cooling of foods is a major contributor to C. perfringens foodborne outbreaks due to the 
pathogens wide spread distribution throughout the environment and ability to form spores, as the 
spores are capable of surviving thermal processing, making cooling, storage, reheating and 
holding of food products a critical step in the process that must be done properly in order to 
minimize the germination and outgrowth of the surviving spores (16). Therefore, guidelines such 
as Appendix B, set by the USDA Food Safety and Inspection Service (FSIS), which are used in 
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the cooling of meat and poultry products, have become key in the prevention and control of C. 
perfringens.  
Stabilization guidelines state that ready-to-eat meat products may enter a slow cooling 
period of 15 hours as long as they contain a minimum ingoing concentration of 100 ppm sodium 
nitrite (18). The cooling of meat products is of concern in regards to “naturally cured” ready-to-
eat processed meat products because they currently follow the requirements established  for 
cooling conventionally cured products and therefore, may not be capable of preventing C. 
perfringens outgrowth during temperature abuse due to their variable and low ingoing nitrite 
concentrations.   
There is clearly a need to better understand how “natural cures” inhibit C. perfringens 
during the current Appendix B ready-to-eat meats cooling curve. Thus, the objective of this study 
was to investigate the implications associated with reduced nitrite concentrations, as seen in 
natural and organically produced processed meats, which in turn, has the has potential to result in 
greater survival of C. perfringens due to reduced nitrite concentration and thereby reduced 
inhibition. It is hypothesized that cooling, according to USDA Appendix B for ready-to-eat 
meats, following the cooking process may need to occur faster when utilizing decreased nitrite 
concentrations to assure control of C. perfringens and in doing so, ensure product and consumer 
safety. 
Materials and Methods 
Spore Preparation  
Three C. perfringens strains, ATCC 10258, 13124, and 12917, were obtained from the 
Food Research Laboratory (FSRL) at Iowa State University. The three C. perfringens strains 
were grown in conditions capable of inducing sporulation. Procedures used were modified from 
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those described by Juneja et al. (6). The three strains were individually grown in freshly steamed 
fluid thioglycollate medium (Sigma-Aldrich, St. Louis, MO., USA) (10 ml/tube) under anaerobic 
conditions and stored at 37ºC for 24 hours. Each strain received a minimum of two consecutive 
24 hour transfers into freshly steamed fluid thioglycollate medium and were stored anaerobically 
at 37ºC. One ml of each fluid thioglycollate culture was then inoculated into separate 100 ml 
bottles of modified Duncan and Strong medium (Himedia Laboratories, Mumbai, India) to 
induce sporulation (2). The bottles were incubated at 37ºC for a minimum of 48 hours. Following 
incubation, the spore cultures were centrifuged at 10,000 x g for 10 minutes at 4ºC. The 
supernatant was discarded followed by the suspension of the pellet into 2 ml of chilled ethanol 
which was then stored at 4ºC for two hours. After the 2 hour storage period, the suspended 
pellets were centrifuged at 10,000 x g for 10 minutes at 4ºC. The supernatant was discarded and 
the pellets then received two washes with 0.1% peptone water (Difco, Becton Dickinson, 
Franklin Lakes, NJ., USA), being vortexed thoroughly prior to each washing. After the 
completion of the last wash, the last supernatant was again discarded, the pellet was suspended in 
physiological saline (0.85% wt. /vol. sodium chloride) and stored in the FSRL pathogen cooler at 
4ºC until sample inoculation. 
Sample Preparation  
 Eighty samples were prepared using 6 ml of C. perfringens inoculum, 3 ml of fluid 
thioglycollate medium and 1 ml of nitrite treatment. A 1:1 ratio of C. perfringens vegetative cells 
and spores was utilized for each strain, resulting in the 6 ml (3 ml vegetative cells and 3 ml 
spore) total of C. perfringens inoculum per sample. Clostridium perfringens vegetative cells 
were prepared by the inoculation of freshly steamed fluid thioglycollate medium with each of the 
individual strains, which were then incubated for 24 hours at 37ºC. Each strain received a 
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minimum of two consecutive 24 hour transfers into freshly steamed fluid thioglycollate medium 
and were anaerobically stored at 37ºC. Samples were prepared by vortexing 1 ml of each spore 
strain together to create a three strain C. perfringens spore cocktail followed by the addition of 1 
ml of vegetative cells from each strain. Freshly steamed fluid thioglycollate was added (3 ml) to 
act as a nutrient source for the pathogen, much like a meat system would provide. Finally, the 
treatment solutions (0, 50 and 100 ppm nitrite) were added to the broth system. A control sample 
(0 ppm) was created by adding sterilized, distilled water as the treatment. Nitrite (AC Legg Inc., 
Calera, AL., USA) was weighed and dissolved in 1,000 ml sterile distilled water to obtain a 
1,000 ppm (1.5 g/1,000 ml) and 500 ppm (0.75 g/ 1,000 ml) solutions. One ml from either the 
1,000 ppm or 500 ppm solutions were added to the corresponding samples to achieve the nitrite 
concentrations of 100 ppm or 50 ppm, as determined by the aforementioned nitrite calculations. 
Once all components were added, the sample was thoroughly vortexed to ensure an even 
distribution within the test tube. All samples were placed into test-tube racks and placed in a 
programmable water bath (NESLAB Instruments, Inc., Newington, N.H., USA, RTE-211), 
which was tempered to 12.8ºC. The programmable water bath is capable of achieving specific 
temperature points (± 0.01°C) within a given time period, via a built in heating system as well as 
a built in refrigeration system for cooling. The water bath was programmed to simulate a thermal 
processing cycle typical for hams, followed by the 15 hour Appendix B stabilization cycle, 
resulting in a 20 hour total heating and cooling cycle.  
Cooling Cycle  
Prior to entering the cooling cycle, samples were heated using a simulated thermal 
processing treatment, obtained from the Iowa State University Meat Laboratory. The thermal 
process mimicked the process for reaching the final internal temperature of a ham product. 
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Thermal processing data collected from a boneless ham process, conducted at the Iowa State 
University Meat Laboratory was used as the basis for the heat treatment. The heating cycle 
consisted of four 60 minute intervals, with each interval meeting a temperature set-point, finally 
reaching the optimal temperature of 71.1ºC, totaling a 4 hour thermal processing cycle. Once 
71.1ºC was reached, a five minute hold at this temperature was included before beginning the 
descent into the cooling curve. The water bath was programmed to begin decreasing in 
temperature, cooling samples for 55 minutes, as chilling should begin within 90 minutes after 
thermal processing, according to USDA Appendix B guideline number 2 (18), before reaching 
54.44ºC, (the start of the Appendix B cooling guideline number 3). Products cured with a 
minimum of 100 ppm sodium nitrite may then enter into a slow cooling cycle from 54.44ºC to 
26.67ºC within 5 hours, and from 26.67ºC to 7.22ºC within 10 hours, resulting in a 15 hour total 
cooling cycle.  
  To obtain counts for monitoring the response of C. perfringens, eleven sample times were 
established during heating and cooling. Sample 1 was taken as a 0 hour or “cold sample” 
(12.77ºC) to obtain the starting sample concentration (~7 log CFU/g) of the organism. The 
second sample was taken at the height of the heating cycle after the five minute hold (71.1ºC). 
The third sample was collected at the beginning of the Appendix B cooling guideline (54.4ºC). 
The fourth, fifth and sixth samples were collected at 90 minute intervals, respectively, after 
reaching 54.4ºC. After the initial 5 hour cooling portion ended, the 10 hour cooling cycle began 
at 26.7ºC. The seventh sample was then collected two hours after the start of the 10 hour cooling 
period with the eighth, ninth, tenth, and eleventh samples then collected at two hour intervals, 
with the eleventh sample collected at 7.2ºC, which was the end of the cooling cycle. Two 
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samples for each treatment (0 ppm, 50 ppm, and 100 ppm) were collected at each interval (1-11) 
for microbiological analysis. Three independent replicate experiments were conducted.  
Microbiological Analysis 
Collected samples were thoroughly vortexed before being diluted into appropriate ten-
fold dilutions using 0.1% peptone water. From each treatment’s designated dilutions, 0.1 ml was 
plated, using a glass rod, in duplicate, onto Perfringens Agar Base (Oxoid, Basingstroke, UK) 
with Tryptose Sulphite Cycloserine (TSC) (Oxoid, Basingstroke, UK) supplement and 
subsequently labeled as “Plate A.” The original samples were then placed into an 80ºC water 
bath for 10 minutes to kill all vegetative cells. Therefore, only spores should remain to be plated 
once taken out of the 80ºC water bath. These samples were again thoroughly vortexed, and 
diluted using 0.1% peptone water into designated ten-fold dilutions. From each treatment’s 
designated dilutions, 0.1 ml was plated in duplicate, using a glass rod, onto Perfringens Agar 
Base with TSC supplement and labeled as “Plate B”. All plates, both A and B, were over-laid 
with Perfringens Agar Base and TSC supplement, using ~8 ml per plate. All plates from the 
given sampling time were then placed into an anaerobic jar which included Gas Pak anaerobic 
system envelopes (Becton Dickinson, Franklin Lakes, NJ., USA). To ensure that the anaerobic 
jars were functioning properly, one Gas Pak indicator envelope was placed in the jar. All 
samples were incubated at 37ºC for 24 hours (±2 hours). After 24 hours (±2 hours) of incubation, 
plates were counted. 
Statistical Analysis  
 Viable C. perfringens spore populations were determined by counting bacterial colonies 
from plates labeled B, whose samples were placed in an 80ºC water bath to kill remaining 
vegetative cells and leave only spores. Vegetative cell populations were determined by counting 
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bacterial colonies from plates labeled A (total population) and then subtracting the spore 
population (from plates labeled B). This number is indicative of the viable C. perfringens 
vegetative cell population. Total population of viable C. perfringens were determined by the 
bacterial count from plates labeled A. This process was conducted for each sample that was 
analyzed.  
Viable C. perfringens total population, vegetative cells and spores were analyzed using 
the statistical system WINKS SDA Software (Texasoft, Cedar Hill, TX.). A one-way Analysis of 
Variance was used to determine differences amongst the means of treatments (nitrite 
concentrations) within the total population. Where significant effects were found in the ANOVA 
test, a Newman-Keuls multiple comparison test was used to perform pairwise comparisons. A 
two-way Analysis of Variance was used to determine significant effects within treatment (nitrite 
concentrations), temperature and the interaction of nitrite and temperature for viable C. 
perfringens spores, vegetative cells and total population. Where significant effects were found in 
the ANOVA test, a Newman-Keuls multiple comparison test was used to perform pairwise 
comparisons. Significant differences were denoted with a p <0.05.  
Results and Discussion 
Table 1 and Figure 1 illustrate the survival of the total C. perfringens population 
(vegetative cells and spores) throughout the stabilization cycle. Table 1, which displays the 
means of the total C. perfringens population for all sampling times and treatment levels (0 ppm, 
50 ppm, and 100 ppm); illustrates that at 0 ppm there was no significant change (p >0.05) in the 
total population of C. perfringens with little inhibition occurring throughout the cooling cycle. In 
addition, Table 1 shows that at 50 ppm nitrite, as well as 100 ppm nitrite, a significant decrease 
(p <0.05) in population occurred from the beginning to the end of the cooling cycle. It can also 
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be seen within Table 1 that the temperatures of 46.1ºC, 54.4ºC, and 71.1ºC resulted in 
significantly greater counts (p <0.05) than other temperatures within each treatment level but 
were not significantly different (p > 0.05) between treatment levels. Despite the greater counts at 
these temperature points a steady decline can be seen in the 50 ppm and 100 ppm nitrite 
treatment levels. It can be seen within Figure 1 that the total population differed significantly (p 
<0.05) between all three nitrite treatments. As expected, 0 ppm had the greatest C. perfringens 
total population survival (p <0.05) throughout the cooling cycle, as temperature was the main 
inhibiting factor. Nitrite treatments, 50 ppm and 100 ppm, significantly inhibited (p <0.05) the C. 
perfringens outgrowth throughout stabilization. Between the two treatments, 100 ppm had 
greatest overall inhibition (p < 0.05) of the total C. perfringens population throughout the 
cooling cycle as compared to 50 ppm. The interaction between nitrite and temperature was found 
to significantly inhibit (p < 0.05) C. perfringens germination and outgrowth within the total 
population. This confirms that even at low concentrations, such as 50 ppm, nitrite can affect the 
outgrowth of C. perfringens with increased nitrite concentrations providing increased inhibition. 
A similar study conducted by King (7) evaluated the impact of natural curing ingredients 
on the outgrowth of C. perfringens during the cooling of deli style turkey breast, as required by 
Appendix B. The study found that up to 100 ppm nitrite alone was not effective at inhibiting the 
outgrowth of C. perfringens during 15 hours of cooling and that increased inhibition would 
require the addition of a cure accelerator, such as ascorbate, to the product formulation. In 
addition, King (7) showed that 50 ppm of nitrite required 500 ppm ascorbate and 100 ppm nitrite 
required 250 ppm ascorbate to sufficiently inhibit C. perfringens. The combination of these two 
ingredients, whether conventional or natural, were more effective together at inhibiting C. 
perfringens growth throughout a cooling cycle then individually. It should be noted that 
53 
 
 
inhibition is not only dependent on ingredients added, but that the concentration of the added 
ingredients is of importance as well. However, as mentioned before, the concentration of nitrite 
is a key factor in the inhibition of C. perfringens, and ultimately food safety, as products that 
have been naturally cured typically have decreased ingoing nitrite concentrations (45 ppm – 90 
ppm) versus conventional nitrite (156 ppm). A study conducted by Jackson (4) reported results 
similar to that of King (7) when evaluating naturally cured frankfurters and hams. Jackson (4), 
who inoculated naturally cured frankfurters and hams (with or without additional antimicrobials) 
with a C. perfringens cocktail, saw the greatest increase of growth in those samples that were 
“truly uncured”, containing no nitrite in any form. Products containing natural forms of nitrite 
(vegetable cures) resulted in an increase in C. perfringens outgrowth while those products with 
an additional antimicrobial, such as vinegar and cherry powder (a source of ascorbic acid), 
resulted in inhibition of growth (4). Jackson (4) and King (7) both concluded that naturally cured 
meats have an increased potential for C. perfringens outgrowth due to decreased nitrite 
concentrations, as compared to conventionally cured products, but when supplemented with 
additional antimicrobials, product safety may be improved.  
King (7), much like this study, evaluated 0 ppm, 50 ppm, and 100 ppm, both with and 
without a cure accelerator, and found results similar to our study in those treatments without a 
cure accelerator. Treatments with 0 ppm had the greatest growth throughout cooling with 50 ppm 
nitrite and 100 ppm nitrite having significantly less growth. However, the 0 ppm, 50 ppm, and 
100 ppm nitrite treatments, without an additional antimicrobial, were incapable of meeting the 
less than 1 log CFU/g growth of C. perfringens minimum that is required by Appendix B (18). It 
is clear that nitrite concentration, regardless of the source (conventional or natural) is critical in 
the prevention of C. perfringens outgrowth during cooling. Studies conducted by Jackson (4) and 
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Schrader (11) found that using the recommended concentration of natural cure, such as celery 
juice powder (0.2%-0.4% / batch weight), resulted in an ingoing nitrite concentration of 20-60 
ppm, which is less than the ingoing nitrite level used for conventional products. The inability for 
50 ppm to effectively inhibit the outgrowth of C. perfringens during chilling could be attributed 
to the low ingoing nitrite concentrations. Also, it should be noted that nitrite is a very reactive 
substance and numerous studies have reported that nitrite can reach less than 50% of its original 
ingoing concentration after heating in meat products. Nitrite also continues to deplete throughout 
product storage (2). For example, a study conducted by Jackson (4) evaluated the outgrowth of 
inoculated C. perfringens in commercially produced no-nitrate, no-nitrite (natural and organic) 
frankfurters, ham and bacon, and compared to them to their conventionally cured counterparts. It 
should be noted that the commercially produced products were inoculated well after their 
formulation and processing dates, therefore, ingoing nitrite concentrations are unknown. It was 
found that C. perfringens outgrowth was greater in seven of eight naturally cured frankfurters, 
six of seven naturally cured hams, and four of nine naturally cured bacon samples, relative to the 
conventional controls. Jackson (4) found that C. perfringens growth was 1 log CFU/g to 3 log 
CFU/g greater in the natural and organically produced products as compared to conventionally 
cured products after 10 days of storage at 20ºC and noted that the difference between the natural 
and organically produced products and conventionally cured products may be due in part to the 
utilization of maximum sodium nitrite concentrations as compared to the reduced nitrite levels in 
naturally cured products. Therefore, naturally cured meat products, which have lower ingoing 
nitrite levels than conventionally cured products, have an increased risk of allowing pathogen 
growth and consequently foodborne illness.  
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Separating the total population into vegetative cells and spores showed that the 
percentage of vegetative cells and spores was not significantly different (p >0.05) between 
treatments, in that the composition of the total population was not affected by nitrite 
concentration. Figure 2 illustrates that 50 ppm nitrite and 100 ppm nitrite significantly inhibited 
(p <0.05) the outgrowth of C. perfringens vegetative cells during cooling as compared to 0 ppm. 
No significant difference (p >0.05) was found between 50 ppm and 100 ppm nitrite. Further, in 
Figure 2, it can be seen that the only significant difference (p <0.05) between 50 ppm and 100 
ppm nitrite occurred at the temperature points of 37.2°C and 28.9°C, with 100 ppm showing the 
greatest inhibition of vegetative cells. This significant difference between the two nitrite 
concentrations is due to the interaction between nitrite and temperature which was found to 
significantly inhibit (p <0.05) C. perfringens vegetative cell growth. Also, this interaction occurs 
during an optimal C. perfringens temperature and growth range, therefore, it is possible that 100 
ppm is more effectively inhibiting an increase in cell outgrowth as compared to 50 ppm nitrite at 
28.9°C and 37.2°C.  
C. perfringens spore population, as seen in Figure 3, shows that 50 ppm and 100 ppm 
nitrite, significantly inhibited (p <0.05) the outgrowth of spores during chilling as compared to 0 
ppm, however, similar to the reported vegetative cell data there was no significant effect (p 
>0.05) between 50 ppm and 100 ppm. Temperature was also found to be a significant factor (p 
<0.05) in C. perfringens spores but the interaction between nitrite and temperature was not 
significant (p >0.05). 
 When evaluating individual components of the total C. perfringens population, we found 
that vegetative cells were significantly affected (p < 0.05) by the interaction between nitrite and 
temperature. However, C. perfringens spores remained un-affected (p > 0.05) by the interaction 
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of nitrite and temperature together, with temperature and nitrite concentration being the 
significant factors (p < 0.05) alone. The impact of these effects on vegetative cells and spores are 
reasonable as it has been well documented that vegetative cells are sensitive to high and low 
temperatures as well as the addition of antimicrobials, such as nitrite (3), thereby the interaction 
between nitrite and temperature is important for the inhibition of C. perfringens vegetative cells. 
However, C. perfringens spores, unlike that of vegetative cells, are capable of surviving harsh 
conditions, such as high and low temperatures, and the addition of curing salts. Although 50 ppm 
and 100 ppm significantly inhibited spores when compared to 0 ppm, the treatment levels were 
not significantly different from one another, despite differing concentrations. Spores will not 
germinate and grow unless they are under optimal conditions, therefore temperature was an 
important factor for spore outgrowth and inhibition throughout this study. When spores enter the 
optimal growth range, they have the ability to germinate, thereby becoming susceptible to nitrite 
inhibition as well as environmental changes, such as decreasing temperatures during cooling. 
Remaining spores will continue to stay in a spore form while temperatures decline until there is 
again, an opportunity to germinate in optimal conditions. It is spore survival that is a critical 
factor in naturally cured products because the decreased nitrite concentration may lead to 
decreased inhibition in the instance of temperature abuse and subsequent spore germination and 
outgrowth. A study conducted by Juneja et al. (6), evaluated the influence of cooling rate on the 
outgrowth of C. perfringens spores in cooked, uncured ground beef at 12, 15, and 18 hours of 
chilling. A 1 log decrease was seen between 12 and 15 hours of cooling and it was also 
determined that in order to prevent the germination and outgrowth of C. perfringens spores, the 
cooked, uncured ground beef must be cooled from 54.4ºC to 7.2ºC within 15 hours maximum, 
because extended cooling, beyond 15 hours to 18 hours increased the risk of potential outgrowth 
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of C. perfringens. This indicated that temperature and time are significant effects in impacting 
the outgrowth C. perfringens without the addition of antimicrobials, such as nitrite.  
The results of this study suggest that decreased nitrite concentrations, such as 50 ppm, as 
seen in naturally cured meat products, is effective at inhibiting the outgrowth of the total C. 
perfringens population during slow cooling when compared to 0 ppm. However, 50 ppm nitrite 
is not as effective at inhibiting the total C. perfringens population when compared to 100 ppm 
nitrite. Therefore, in order to achieve increased inhibition and safety in naturally cured products, 
additional measures such as additional antimicrobials or shortening of the cooling cycle during 
periods of optimal C. perfringens growth should be evaluated.  
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Total C. perfringens Population Survival During Stabilization 
 
61 
 
 
 
        Figure 2.  
 
 
 
 
Figure 3.  
 
 
 
     C. perfringens Vegetative Cell Population Survival During Stabilization 
 
       C. perfringens Spore Population Survival During Stabilization 
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CHAPTER 4. GENERAL CONCLUSIONS  
The increased popularity of natural and organically produced processed meats can be 
attributed to growing consumer demand of preservative-free food products. Nitrite is a well-
known preservative, which can be found in conventional processed meat products. However, 
there has been an explosive demand of natural and organic meat products which prohibit the use 
of conventional nitrite. Nitrite is considered to be an irreplaceable and “magical” ingredient for 
cured meats. Therefore, processors have had to find a way to impart the unique cured meat 
characteristics without the direct addition of conventional nitrite. The addition of vegetable 
cures, such as celery concentrate, contains high nitrate/nitrite levels and can impart those unique 
cured meat characteristics, thereby replacing conventional nitrite and maintaining a natural or 
organic status.  However, the addition of celery concentrate results in lower ingoing nitrite 
concentrations and thus increases the risk of pathogen growth, such as Clostridium perfringens. 
C. perfringens becomes a risk during the cooling of meat products as the spore forming pathogen 
can survive in harsh conditions such as thermal processing and subsequently germinate and grow 
when optimal growth conditions are reached such as extended dwell times during chilling or in 
the instance of temperature abuse.  
 Previous studies have found that lower ingoing nitrite concentrations in naturally cured 
meat products have allowed for increased growth of C. perfringens when compared to 
conventionally cured meat products. It has also been found that the incorporation of additional 
antimicrobials offer increased inhibition of C. perfringens. The results of this study found similar 
results to previous studies in that a low nitrite concentration of 50 ppm was capable of inhibiting 
C. perfringens outgrowth when compared to the 0 ppm treatment, but when compared to 100 
ppm nitrite, was not as effective as an inhibitor, thereby, suggesting that decreased nitrite 
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concentrations (50 ppm) have an increased risk for C. perfringens outgrowth during 15 hours 
cooling. Additional measures should be taken to ensure product safety such as added 
antimicrobials as suggested in the literature or through a faster chilling cycle. Future research 
should focus on creating updated regulatory cooling guidelines, which may include specific 
requirements for naturally cured processed meats.  
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